Cak1p, the Cyclin-dependent kinase-activating kinase from budding yeast, is an unusual protein kinase that lacks many of the highly conserved motifs observed among members of the protein kinase superfamily. Cak1p phosphorylates and activates Cdc28p, the major cyclin-dependent kinase (CDK) in yeast, and is thereby required for passage through the yeast cell cycle. In this paper, we explore the kinetics of CDK phosphorylation by Cak1p, and we examine the role of the catalytic step in the reaction mechanism. Cak1p proceeds by a sequential reaction mechanism, binding to both ATP and CDK2 with reasonable affinities, exhibiting K d values of 7.2 and 0.6 M, respectively. Interestingly, these values are approximately the same as the K M values, indicating that the binding of substrates is fast with respect to catalysis and that the most likely reaction mechanism is rapid equilibrium random. Cak1p is a slow enzyme, with a catalytic rate of only 4.3 min ؊1 . The absence of a burst phase indicates that product release is not rate-limiting. This result, and a solvent isotope effect, suggests that a catalytic step is rate-limiting.
icantly diverged from other members of the protein kinase superfamily, especially within highly conserved domains of the protein kinase catalytic core region.
Cak1p appears to bind ATP differently than do other protein kinases. A "glycine loop" found near the N terminus of the catalytic domain of virtually all protein kinases contains a GXGXXG motif, which stabilizes the ␤-phosphate of ATP (4) . In contrast, Cak1p lacks a recognizable glycine loop (1) (2) (3) and is relatively insensitive to either mutation or deletion of this portion of the protein (5) . Nearly all protein kinases also contain an "invariant lysine" residue (Lys-72 in PKA) C-terminal to the glycine loop (4) . This residue interacts with both the ␣-and ␤-phosphates of ATP and is the site of covalent attack and inactivation by the ATP analog 5Ј-fluorosulfonylbenzoyladenosine (4). Cak1p, however, is completely insensitive to 5Ј-fluorosulfonylbenzoyladenosine (6) and its binding of ATP is only modestly weakened by mutation of the corresponding lysine residue (Lys-31) (5). Mutation of Lys-31 has only minor effects on the kinase activity of Cak1p (5, 7, 8) . Remarkably, Cak1p can support growth of yeast even after removal of its first 31 amino acids, including the glycine loop region and Lys-31, although its kinase activity was below the limit of detection (5) .
Several other amino acids that are conserved in the protein kinase core sequence are not present in Cak1p (2) , further suggesting that the structure and catalytic mechanism of Cak1p may be diverged from those of other protein kinases. An understanding of the mechanism by which Cak1p catalyzes the activating phosphorylation of CDKs is important not only for understanding cell cycle regulation but also for examining the ability of an unusual protein kinase to phosphorylate its substrates. Due to the important role of Cak1p as a cell cycle regulator, and because it possesses unusual nucleotide binding properties, Cak1p may be an effective target for an anti-fungal agent. An understanding of the rate-limiting step and kinetic mechanism of the Cak1p-mediated phosphorylation reaction will be useful for the design of effective drug screens.
Mechanistic studies have been performed on other protein kinases to determine the order of binding for formation of the ternary complex. Both ordered and random mechanisms have been reported for PKA (9 -11) , whose catalytic rate is dependent upon the release of the ADP product (10, 12) . Stopped-flow kinetics and viscosity experiments showed that PKA exhibits a rapid "burst" phase, with a turnover rate of 250 s Ϫ1 , followed by a slower, linear phase (21 s Ϫ1 ) that is limited by ADP release (12) (13) (14) .
The kinetic mechanisms for several other protein kinases have also been determined. The mechanisms of some tyrosine kinases, including pp60 c-Src , C-terminal Src kinase, insulin receptor kinase, and the epidermal growth factor receptor, are rapid equilibrium random (15) (16) (17) (18) , although an ordered mechanism for the epidermal growth factor receptor has been re-ported (19) . This implies that the catalytic step for these enzymes is slow with respect to the binding of substrates. Among other serine/threonine kinases, calmodulin kinase II and p38 MAP kinase proceed with an ordered mechanism, with ATP binding first for calmodulin kinase II (20) and protein substrate binding first for p38 MAP kinase (21) . Cyclin D1-CDK4 proceeds via an ordered Bi Bi reaction in which ATP binds first, and phosphorylated protein product is released last (22) . The phosphorylation of IB by the IB kinase proceeds by a random mechanism (23) .
In this paper we characterize the protein kinase activity of Cak1p and its interaction with its nucleotide and protein substrates. Specifically, we examine the binding of Cak1p to its substrates, ATP and human CDK2, and the role of the catalytic step in the Cak1p reaction mechanism. The results of these studies indicate that the rate-limiting step in the phosphorylation of CDK2 is most likely catalytic and that the reaction proceeds by a sequential mechanism with a random addition of substrates to form the ternary complex.
EXPERIMENTAL PROCEDURES
Buffers-The CAK buffer contains the following: 50 mM Tris, pH 7.5, 15 mM MgCl 2 , 150 mM NaCl, 1 mg/ml ovalbumin, 10 mM DTT, 0.5% Tween 20, and 1ϫ protease inhibitors. The 1ϫ protease inhibitors contain the following: 10 g/ml each of leupeptin, chymostatin, and pepstatin (Chemicon, Temecula, CA).
Expression and Purification of Proteins-The purified Cak1p utilized in these experiments was expressed in baculovirus-infected Sf9 cells as an untagged protein (5) or as a GST-Cak1p fusion, as indicated in the text. For expression of GST-Cak1p, a BamHI-EcoRI fragment containing CAK1 (2) was cloned into pEG[KG] (24) . From there, a SacI-EcoRI fragment encompassing GST-CAK1 was transferred to pBacPAK8 (CLONTECH). The virus was generated as described (5) . All purified human CDK2 used in this study was kindly provided by Alicia Russo and Nikola Pavletich and was purified as described (25) .
Kinetics of CDK2 Phosphorylation-Time courses were performed by adding Cak1p to a reaction containing 3 M human CDK2, 100 M ATP, and 1.0 Ci/l [␥- 32 P]ATP in CAK buffer. At each time point, 10 l of assay mix was removed and added to 10 l of 2ϫ SDS-PAGE sample buffer. All reactions were performed at room temperature. For assays in which the concentration of Cak1p was varied, assays contained final Cak1p concentrations ranging from 0.5 to 4 nM.
For the burst kinetics experiment, 5 l of enzyme/substrate mixture containing 12 nM Cak1p and 6.6 M CDK2 in CAK buffer was spotted onto parafilm next to 10 l of 2ϫ SDS-PAGE sample buffer containing 20 mM EDTA. To start the reaction, 5 l of ATP mix containing 200 M ATP, 10 Ci of [␥-32 P]ATP, and 300 mM NaCl was mixed with the enzyme/substrate droplet. At each time point, the reaction mix was immediately dragged into the drop of 2ϫ SDS-PAGE sample buffer to stop the reaction.
Data were analyzed by PhosphorImager analysis and fit to the appropriate equations using the KaleidaGraph program (Synergy Software).
K M and K d Determinations-To determine the K M and K d of Cak1p for ATP and CDK2, assays were performed at nine different ATP concentrations and six different CDK2 concentrations in CAK buffer. The final ATP concentrations ranged from 21 nM to 8 M, and the final CDK2 concentrations ranged from 25 to 800 nM. 2.5 l of enzyme mix containing 4 nM Cak1p in CAK buffer was added to 2.5 l of each CDK2 dilution. To each of these samples, 5 l of ATP (specific activity of 0.25 Ci/pmol of ATP) at an appropriate concentration was added. Assays were incubated at room temperature for 10 min and terminated by the addition of 10 l of 2ϫ SDS-PAGE sample buffer. Double-reciprocal plots of the data were analyzed using the GraFit Program (26) 32 P]ATP was added. Samples were incubated for 10 min at room temperature and terminated by the addition of 10 l of 2ϫ SDS-PAGE sample buffer. Data were analyzed by PhosphorImager analysis following SDS-PAGE.
ATPase Assays-To determine the K M(ATP) for ATP hydrolysis by Cak1p, 2.5 l of mix containing 3.8 M GST-Cak1p in CAK buffer was added to 2.5 l of ATP mix containing ATP ranging in concentration from 3.0 to 800 M with a specific activity of 256 Ci/pmol in CAK buffer. Following a 30-min incubation, 1 l of the assay was added to 4 l of Stop buffer containing 50 mM Tris, pH 7.5, 20 mM EDTA, 10 mM DTT, 1 mg/ml ovalbumin, 0.1% Tween 20, and 1ϫ protease inhibitors. 1 l of the terminated reaction was spotted onto a polyethyleneimine cellulose plate (Fisher), and ascending chromatography was performed for 2 h in 50 mM HCl. Plates were dried and re-chromatographed under the same conditions. Plates were dried under a lamp and subjected to PhosphorImager analysis. Background 32 32 P]ATP was present at 2.5 Ci/l. The pH of the buffers was 6.5; the pH of the D 2 O buffer was determined using the equation pH ϭ pD ϩ 0.4 (17) . Reactions were incubated for 10 min at room temperature and were terminated by the addition of 10 l of 2ϫ SDS-PAGE sample buffer. Data were subjected to PhosphorImager analysis and fit to the Michaelis-Menten equation using the KaleidaGraph program (Synergy Software).
To determine the K M(CDK2) for Cak1p in H 2 O and D 2 O (91%), 1 nM GST-Cak1p, 50 M ATP, and CDK2 ranging in concentration from 25 nM to 3 M were incubated as above. Data were analyzed as described above.
RESULTS
Kinetics of CDK2 Phosphorylation-The unusual sequence of Cak1p led us to examine its phosphorylation kinetics. For these studies, we used a human CDK2 substrate rather than the endogenous yeast CDK, Cdc28p. CDK2 can function in yeast in place of Cdc28p (3, 28, 29) and is thus a physiological Cak1p substrate. It is also widely used as a Cak1p substrate in vitro (1-3, 5, 6) . Finally, unlike Cdc28p, CDK2 is soluble at the high concentrations necessary for the analyses reported here (5). The phosphorylation of monomeric CDK2 was linear with time through at least 30 min and with the concentration of Cak1p over at least an 8-fold range (Fig. 1A ). An incubation time of 10 min was chosen for subsequent assays. A turnover number of 4.3 min Ϫ1 was calculated from the 4 nM Cak1p data in Fig. 1A . This value is similar to one determined previously (2.6 min Ϫ1 ) (5), although it is slow in comparison to the measured k cat values for other protein kinases. For example, the rate of phosphorylation of Kemptide by PKA is 1260 min Ϫ1 or ϳ300 -500-fold faster than Cak1p (12) . The k cat for p40 MO15 , or vertebrate CAK, was found to be at least 40 min Ϫ1 (30) . As the measured turnover rate for Cak1p is slow in comparison to many protein kinases, we determined whether the rate of 4.3 catalytic events per min results from slow dissociation of product from the ternary complex. The measured rate indicates that one catalytic event occurs approximately every 14 s. In order to measure the rate of the first catalytic event performed by each molecule of Cak1p in the assay, samples must be taken prior to the 15-s time point. If products are released quickly, the rate of the first phosphorylation event will be linear with respect to subsequent phosphorylation events. However, if the dissociation of products is rate-limiting in the assay, the rate of the first phosphorylation event will be faster than those measured later in the time course, resulting in a burst, or non-linear, phase. The results of this experiment are shown in Fig. 1B . The rates of the first phosphorylation events were linear with time, even extrapolating to time 0, indicating that the dissociation of products is not rate-limiting in this assay.
Kinetic Analysis of Cak1p-Initial velocity studies were performed with Cak1p in order to determine its K d and K M values for ATP and CDK2, allowing us to assess the true binding affinity of Cak1p for its substrates. The reciprocal velocities were plotted as functions of the reciprocal substrate concentrations at either six different CDK2 concentrations or nine different ATP concentrations (Fig. 2, A and B) . The apparent values from these double-reciprocal plots were then fit to the equations describing sequential and Ping-Pong reaction mechanisms using the GraFit program (26) to determine K d and K M values (see "Experimental Procedures"). The intersecting line patterns of the plots indicated that the reaction proceeds by a sequential pathway, resulting in the formation of a Cak1p-CDK2-ATP ternary complex, and excluded the possibility that the reaction follows Ping-Pong kinetics, which would exhibit a parallel line pattern (27) . The fact that the intersections crossed the y axis near zero suggested that
. Analysis of these plots using the GraFit program (26) the reaction, since the catalytic rate must be slow with respect to the rate of binding and release of substrates.
We attempted to measure the affinity of Cak1p for ATP independently using an ATPase assay (Fig. 3) . Most protein kinases that can bind ATP in the absence of protein substrate can also catalyze the hydrolysis of ATP at a low rate. Because the ATPase rate of Cak1p is only ϳ3% of its rate of phosphorylation of CDK2 (5), the catalytic step for this reaction can be considered to be rate-limiting, and the K M(ATP) as measured in the ATPase assay should represent a good measure of the binding affinity (K d(ATP) ). The ATPase assay also allowed us to assess ATP utilization in the absence of a protein substrate. However, due to the low signal-to-noise ratio in these assays and to substrate depletion at the lower ATP concentrations, we were unable to assay effectively below an ATP concentration of about 50 M. Therefore, the calculated K M(ATP) of 16.7 M should be viewed as an upper limit, since substrate depletion would under-represent Cak1p activity at low ATP concentrations. Nevertheless, this value is only approximately twice the previously measured K d(ATP) in the presence of CDK2, confirming that there is only a modest effect, if any, of CDK2 binding on the binding of ATP to Cak1p.
Solvent Isotope Effects-In order to confirm that the ratelimiting step in the Cak1p-mediated phosphorylation of CDK2 was catalytic, we determined the effect of deuterated solvent on the catalytic rate of the kinase. The presence of deuterated solvent will slow the removal of the proton from the incoming substrate hydroxyl. Thus, if catalysis is rate-limiting, the V max value will decrease under these conditions. We first determined the effect of pH on Cak1p activity in order to ensure that any change in catalytic activity seen in D 2 O was not an artifact of differing pK a . Cak1p activity remained constant over a pH range from 5.5 to 7.0 (data not shown), leading us to select a pH value of 6.5 for this experiment. The k cat for Cak1p in the presence of D 2 O decreased by 60 -80% (Fig. 4, A and B) , indicating that the catalytic rate of the enzyme was slowed in the presence of the isotope. This result supports the conclusion that the rate-limiting step in the reaction is catalytic.
Thermal Stability of Cak1p in the Presence and Absence of ATP-The proper binding of ATP in the active site of protein kinases results in the coordination of residues from both the C-terminal and the N-terminal lobes and can protect the enzyme from thermal denaturation. For example, the presence of ATP increases the T m of PKA by 3°C (31) . Given the unusual nature of the ATP binding pocket of Cak1p, we assessed the ability of ATP to stabilize Cak1p in response to increasing temperatures. Cak1p was incubated at each temperature in the presence or absence of ATP and was subsequently assayed for its ability to phosphorylate CDK2. The presence of ATP increased the T m of Cak1p by approximately 8°C, from 42 to 50°C (Fig. 5) , indicating that ATP can stabilize Cak1p and confirming that Cak1p can bind ATP in the absence of CDK2. DISCUSSION We have examined the parameters governing the ability of Cak1p to phosphorylate CDK2. Cak1p is not only an important cell cycle protein that is responsible for activation of the major cyclin-dependent kinase in yeast but is also an unusual protein kinase that lacks a number of conserved protein kinase core amino acids. Insight into the kinetic mechanism of Cak1p may provide us with information on how it is regulated in vivo and will also serve to illuminate the similarities and differences between an unusual protein kinase and other members of the protein kinase family. These studies may also be useful in the design of inhibitory compounds for Cak1p.
Kinetics of the Phosphorylation Reaction-The rate constant (k cat ) for the phosphorylation of CDK2 by Cak1p (4.3 min
Ϫ1
) is slow in comparison to a number of other protein kinases. For example, PKA phosphorylates a peptide substrate, Kemptide, with a k cat of 1260 min Ϫ1 (12) (13) (14) or ϳ300-fold higher than the k cat for Cak1p phosphorylation of CDK2. Likewise, pp60
c-src has a k cat of 3100 min Ϫ1 or ϳ700-fold higher than that of Cak1p (18) . The phosphorylation of CDC2-cyclin B complexes by p40 MO15 is at least 40 min Ϫ1 (30) . However, other protein kinases display catalytic rates similar to Cak1p. p38 MAP kinase, for example, phosphorylates a GST fusion protein of activating transcription factor 2 (GST-ATF2) with a k cat of only 4.8 min Ϫ1 at saturation, whereas the reported k cat for the phosphorylation of histone H1 by CDK2-cyclin A complexes is 5.1 min Ϫ1 (32) . The slow rate of catalysis by Cak1p explains the observation that the K M values for both ATP and CDK2 are low in comparison to other kinases (5) . The K M is dependent upon the catalytic rate as well as the dissociation constant. Other more catalytically efficient kinases typically have higher K M values, as high concentrations of substrate are necessary to keep the enzyme half-saturated in the face of rapid catalysis, whereas the K M of Cak1p is dominated by equilibrium binding (i.e. the K d ), and substrates are only slowly siphoned off into products.
We investigated the possible causes for the slow turnover rate exhibited by Cak1p. The kinetic analysis indicated that there is no "burst phase" and that the off-rate of product from Cak1p is not rate-limiting. In contrast, kinetic studies of PKA have shown that the production of phosphorylated Kemptide is characterized by a burst phase, with a rate constant of 250 s Ϫ1 , followed by a linear phase of 21 s Ϫ1 . This indicates that the k cat of PKA is limited by release of product from the ternary complex, specifically ADP (12) (13) (14) .
The observation that the K M ϳ K d for both ATP and CDK2 suggested that the catalytic step was slow with respect to the on/off rates of the substrates. This conclusion was supported by experiments examining the effect of deuterated solvent on V max . If the rate-limiting step in the chemical reaction is due to the slow removal of the proton from the incoming substrate hydroxyl, the presence of deuterated solvent should decrease the overall rate of the reaction (17, 33) . We observed a 60 -80% decrease in V max in the presence of deuterated solvent, supporting the conclusion that catalysis is rate-limiting. In contrast, PKA displays only a small isotope effect (1.6-fold), which is indicative of its rapid catalytic step (33) . Human c-SRC kinase (CSK), also a reportedly slow catalytic protein kinase, displays only a small solvent isotope effect (0.74-fold) (17) , indicative of an asymmetric transition state, which has been reported for other protein tyrosine kinases (15) .
The Kinetic Mechanism for Cak1p-Cak1p appears to bind ATP and CDK2 independently of each other. The initial velocity experiments indicated that the K d was close to the K M for both ATP and CDK2. This result indicated that there was no binding synergy between the two substrates (34), as binding of ATP to Cak1p did not influence the binding affinity for CDK2 and vice versa. If, for example, binding of ATP had a large positive effect on CDK2 binding, then we would expect K d(CDK2) to be significantly larger than K M(CDK2) . This conclusion was supported by the observations that Cak1p had ATPase activity in the absence of protein substrate and that the K M(ATP) as measured by the ATPase assay was similar to the K M(ATP) measured in the presence of CDK2. Furthermore, ATP significantly stabilized the enzyme in response to increasing temperature in the absence of CDK2 (Fig. 5) , again indicating that Cak1p can bind ATP in the absence of a protein substrate. The kinetic mechanism of the phosphorylation reaction between Cak1p and CDK2 is therefore most likely rapid equilibrium random with respect to the addition of substrates (17, 27) , although we cannot definitively exclude the possibility of an ordered reaction with ATP binding first. We were unable to perform assays with dead-end inhibitors due to the absence of any peptide substrates for Cak1p; therefore, we could not confirm the reaction mechanism by this traditional method.
In conclusion, we have shown that the catalytic step of the Cak1p-mediated phosphorylation of CDK2 was rate-limiting in vitro. The determination of the kinetic parameters for both ATP and CDK2 indicated that the reaction most likely proceeds by a rapid equilibrium random pathway. Due to the unusual nature of the Cak1p ATP binding pocket, and the important role played by this enzyme in the yeast cell cycle, Cak1p is an intriguing target for potential anti-fungal agents. Elucidation of the crystal structure of Cak1p could provide additional insights into the catalytic mechanism of this protein kinase.
